We continue our study of the low energy implications of M theory vacua on G 2 manifolds, undertaken in [1, 2] , where it was shown that the moduli can be stabilized and a TeV scale generated, with the Planck scale as the only dimensionful input. A well-motivated phenomenological model -the G 2 -MSSM, can be naturally defined within the above framework. In this paper, we study some of the important phenomenological features of the G 2 -MSSM. In particular, the soft supersymmetry breaking parameters and the superpartner spectrum are computed. The G 2 -MSSM generically gives rise to light gauginos and heavy scalars with wino LSPs when one tunes the cosmological constant. Electroweak symmetry breaking is present but fine-tuned. The G 2 -MSSM is also naturally consistent with precision gauge coupling unification. The phenomenological consequences for cosmology and collider physics of the G 2 -MSSM will be reported in more detail soon.
This year we will enter the LHC era. The LHC experiments will likely dominate particle physics for many years. String/M theory phenomenology has to address many challenges, the most important of which are related to dynamical issues, such as supersymmetry breaking, moduli stabilization and explaining the Hierarchy between the Electroweak and Planck scales, etc. Successfully addressing these opens the possibility to construct models of particle physics beyond the Standard-Model (SM) within the framework of string/M theory and study them to the extent that testable predictions for real observables at the LHC (as well as other branches of particle physics and cosmology) can be made. Different approaches will in general give rise to different patterns of signatures; this could in principle distinguish among different possibilities [3, 4] . In carrying out this program in string/M theory, it has to be kept in mind that the properties of beyond-the-Standard-Model (BSM) particle physics models are intimately connected to the dynamical issues mentioned above. This is because the masses and couplings of the particle physics models depend on the properties of the vacuum (or class of vacua) of the underlying string/M theory constructions, including the values of the moduli in the vacuum.
Substantial progress has been made in the past few years towards addressing the dynamical issues of moduli stabilization, supersymmetry breaking and explaining the Hierarchy, within various corners of the entire M theory moduli space in a reliable manner. The most popular one is the Type IIB corner [5] . There have also been explicit semi-realistic constructions of the visible sector within the Type IIB setup. While there still do not exist explicit realizations incorporating mechanisms for solving all the above mentioned dynamical problems as well as incorporating a realistic visible sector within one particular construction, it is possible to consider frameworks in which the relevant effects of the underlying mechanisms may reasonably be assumed to exist in a self-consistent manner. For example, within Type IIB string theory, one popular framework is warped flux compactification of Type IIB string theory to four dimensions in the presence of D3, anti D3 and D7-branes. The closed string fluxes stabilize the dilaton and complex structure moduli whilst non-perturbative effects stabilize the Kähler moduli. The anti-D3-branes reside at the end of the warped throat and break supersymmetry while the visible sector (composed of D3/D7-branes) resides in the bulk of the internal manifold. Supersymmetry breaking at the end of the throat is mediated to the visible sector by the (higher dimensional) gravity multiplet, i.e. the moduli. In this framework, also known as "mirage mediation", assuming the existence of all the relevant effects of the underlying microscopic string compactification, one can incorporate them in a self-consistent manner and then study the phenomenological consequences for low energy observables. Such studies have been carried out in the literature [6] .
The object of interest in this paper is a framework arising from another weakly coupled limit: the low energy limit of M theory. It was shown in [1, 2] that, with reasonable assumptions about microscopic structure of the underlying construction, N =1 fluxless compactifications of M theory on G 2 manifolds can generate the hierarchy between the electroweak and Planck scales and stabilize all the moduli in a dS vacuum. This framework offers the possibility for studying the consequences for low energy phenomenology. That is the goal of this paper. In a series of companion papers, more detailed applications for cosmology and collider physics will be presented.
The results obtained from the analysis of vacua within the above framework are quite interesting and lead us to define a class of particle physics models which we call the G 2 -MSSM. Many detailed properties of these models are derived from M theory, though we also add some necessary assumptions due to theoretical uncertainties about the M theory framework.
The G 2 -MSSM models have a distinctive spectrum. One finds that, at the compactification scale (∼ M unif ), the gauginos are light ( < ∼ 1 TeV) and are suppressed compared to the trilinears, scalar and Higgsino masses which are roughly equal to the gravitino mass (∼ 30−100 TeV). At the electroweak scale, the lightest top squark turns out to be significantly lighter than the other squarks (∼ 1− 10 TeV) because of RGE running. In addition, there are significant finite threshold corrections to bino and wino masses from the large Higgsino mass. Radiative electroweak symmetry breaking is generic and tan β is naturally predicted from the structure of the high scale theory to be of O (1) . (Theoretical predictions of tan β are fairly rare). The value of m Z is fine-tuned, however, implying the existence of the Little-hierarchy problem, which, because of the larger scalar masses is worse than the usual little hierarchy.
The class of vacua within this framework also tend to be consistent with precision gauge unification [7] . The LSP usually turns out to be wino for solutions consistent with precision gauge unification. Though the thermal relic abundance of wino LSPs is quite low, an analysis of the cosmological evolution of the moduli shows that non-thermal production of wino LSPs provides about the correct amount of dark-matter 1 . The collider phenomenology of the vacua within this framework is also quite distinctive, giving rise to many b-jets from multi-top production and short charged track stubs from the decay of the wino-like chargino.
The paper is organized as follows. In the rest of this section, the results obtained in [1, 2] are summarized and the assumptions about the microscopic structure needed to define the framework and make contact with low energy physics are specified. In particular, G 2 -MSSM vacua, whose detailed phenomenology will be studied, are motivated and introduced. Readers interested only in phenomenological results may skip section I. In section II, the computation of soft supersymmetry breaking parameters at the unification scale consistent with all relevant constraints is presented. Section III deals with RG evolution, calculation of the superpartner spectrum and Electroweak Symmetry Breaking (EWSB). Section IV studies precision gauge coupling unification and its relation to gaugino masses. In section V, we analyze the nature of the LSP and its connection to the Dark Matter (DM) relic density and the cosmological moduli problem. A brief discussion about benchmark spectra and collider phenomenology of the class of vacua within this framework appears in section VI. We conclude in section VII. This is followed by an Appendix discussing some technical details about the computation of the quantity P eff that enters in tuning the cosmological constant and in the gaugino mass suppression, constraints on "microscopic" parameters, and threshold corrections to gaugino masses from heavy states.
A. Summary of Results about G 2 Vacua
In order to make our discussion of G 2 phenomenology self-contained, it is helpful to summarize the essential results for the fluxless M theory de Sitter vacua described in [1, 2] and explain our conventions and notation. Readers interested only in phenomenological results may skip this section. M theory compactifications on singular G 2 manifolds are interesting in the sense that they give rise to N = 1 supersymmetry in four dimensions with non-Abelian gauge groups and chiral fermions. The non-Abelian gauge fields are localized along three-dimensional submanifolds of the seven extra dimensions whereas chiral fermions are supported at points at which there is a conical singularity [8, 9, 10, 11] . As explained in the introduction, in order to look at phenomenological consequences of these compactifications in a reliable manner, one has to address the dynamical issues of moduli stabilization, supersymmetry breaking and generation of the Hierarchy.
As explained in [1, 2] , one is interested in the zero flux sector since then the moduli superpotential is entirely non-perturbative. This is crucial for both stabilizing the moduli and generating the Hierarchy naturally as we will review. Fluxes generate a large superpotential and, unless there is a mechanism to obtain an exponentially large volume of the extra dimensions, G 2 compactifications with flux will not generate a small mass scale, such as the TeV scale.
We assume that the G 2 manifolds which we consider have singularities giving rise to two non-Abelian, asymptotically free gauge groups. This implies that they undergo strong gauge dynamics at lower energies leading to the generation of a non-perturbative superpotential. At least one of the hidden sectors is assumed to contain light charged matter fields Q andQ (with N f < N c ) as well. There could be other matter fields which are much heavier and decouple well above the corresponding strong coupling scale. Thus in the minimal 2 framework, one has two hidden sectors living on three-manifolds with gauge group G a × G b undergoing strong gauge dynamics, one of them having a pair of massless charged matter fields transforming in the (anti)fundamental representation of the gauge group. Of course, in addition, it is assumed that there is another three-manifold on which the observable sector gauge theory with the appropriate chiral matter content lives. This will be discussed more in the next subsection. This set of assumptions about the the compactification manifold gives a working definition of the framework.
The N = 1 supergravity theory obtained in four dimensions is then characterized by the following hidden sector superpotential:
Here φ ≡ det(QQ) 1/2 = (2QQ) 1/2 is the effective meson field (for one pair of massless quarks) and P and Q are proportional to one loop beta function coefficients of the two gauge groups which are completely determined by the gauge group and matter representations. For concreteness we can consider the gauge group to be SU (Q) × SU (P + 1) with one vector like family of quarks charged under SU (P + 1). The normalization constants C 1 and C 2 are calculable, given a particular G 2 -manifold. f 1,2 are the (treelevel) gauge kinetic functions of the two hidden sectors which in general are different from each other. Schematically, the superpotential of each hidden sector is just equal to the strong coupling scale of the the corresponding gauge theory, i.e. W ∼ Λ 3 1 + Λ 3 2 . The vacuum structure of the supergravity theory with this superpotential is quite rich, but in general can only be studied numerically. A special case exists however, when it is possible to study the vacua semi-analytically. This is when the two three-manifolds on which the hidden sector gauge fields are localised are in the same homology class, which in terms of gauge kinetic function then implies:
In the above equation, s i are the N geometric moduli of the G 2 manifold (intuitively, these characterise the sizes of the 3-cycles in the G 2 manifold), while t i are the axionic components coming from the 3-form field C IJK of eleven-dimensional supergravity. The N i are integers which are determined by the homology class of the hidden sector 3-cycles. The supergravity potential is fully specified once the Kähler potential is given. The Kähler potential for matter fields in general is hard to compute from first principles. However, owing to the fact that matter fields are localized at points inside the seven dimensional manifold V 7 , it is reasonable to assume that the matter Kähler potential is approximately canonical at leading order. Then, the Kähler potential is given by:
where
is the volume of the G 2 manifold X in units of the eleven-dimensional Planck length l 11 , and is a homogenous function of the s i of degree 7/3. A simple and reasonable ansatz therefore is
i with a i positive rational numbers subject to the constraint [12] . Many qualitative results about moduli stabilization do not seem to rely on this special form of V 7 , but this form of V 7 is useful since it gives an N − 1 parameter family of Kähler potentials consistent with G 2 -holonomy, which are tractable. In a basis in which the Kähler potential is given by (3), the gauge kinetic function is generically a function of all the moduli, i.e. N i = 0, i = 1, 2.., N .
In general the scalar potential of the supergravity theory determined by W and K is a reasonably complicated function of all the moduli. Therefore, one expects to find isolated meta-stable minima, which indeed turns out to be the case, as explained in detail in [1] . The values of the moduli at the minima are completely determined by the microscopic constants 3 -{a i , N i , C 1 , C 2 , P, Q, N ; i = 1, 2...N } which characterize the framework. Given a particular G 2 -manifold consistent with our assumptions, all of these constants are calculable in principle. Therefore, given a particular G 2 -manifold within the framework, one obtains a particular set of microscopic constants and a particular 4d N = 1 supergravity theory.
To find the minima of the moduli potential V explicitly, one first stabilizes the axionic components of the complex moduli and the phase of φ. Then one minimizes the potential with respect to s i and |φ|, which leads to N + 1 equations ∂ s i V = 0 and ∂ |φ| V = 0 (for N moduli). To solve these equations analytically, we consider the class of solutions in which the volume of the hidden sector three-manifold VQ supporting the hidden sector gauge groups is large. This allows us to reduce the first set of N equations into just two simple equations, which can be solved order by order in a 1/VQ expansion. Physically, this expansion can be understood as an expansion in terms of the small gauge coupling of the hidden sector -(α 0 ) hid which is self-consistent since our hidden sectors are assumed to be asymptotically free. The solution corresponding to a metastable minimum with spontaneously broken supersymmetry is given by
where P eff ≡ P ln(C 1 /C 2 ). The natural values of P and Q are expected to lie between O(1) and O(10).
It is easy to see that a large P eff corresponds to small α for the hidden sector (α
P eff (6) implying that the expansion is effectively in P −1
eff . The φ dependence of the potential at the minimum is essentially
Therefore, the vacuum energy vanishes if the discriminant of the above expression vanishes, i.e. if
The above condition is satisfied when the contribution from the F -term of the meson field (F φ ) to the scalar potential cancels that from the −3m 2 3/2 term. In this vacuum, the F -term of the moduli F i are much smaller than F φ . In fact, all the F i vanish at the leading order in the 1/VQ expansion. For Q − P ≤ 2, there is no solution as either s i or |φ| 2 become negative. The first non-trivial solution occurs when Q − P = 3 for which P eff = 84 is required to get a vanishing vacuum energy (to leading order). The appearance of the integer 84 is closely related to the the dimensionality of the G 2 manifold (which is 7) and that of the three-manifold (which is 3). Other choices of Q − P are also possible theoretically, but are not interesting because of the following reasons: a) the corresponding solutions, if they are to remain in the supergravity regime, require the G 2 manifold to have a rather small number of moduli N , since N < 14Q (3(Q−P )−8)π [1] . It is unlikely that G 2 -manifolds with such few moduli are capable of containing the M SSM spectrum, which has more than a hundred relevant couplings. b) these solutions generically lead to an extremely high susy breaking scale as will be seen in section II A on the gravitino mass. So phenomenologically interesting G 2 compactifications arise only for the case Q − P = 3 and P eff = 84.
Some comments on the requirement of P eff = 84 are in order. First of all, it is only a leading order result for the potential in (α −1 0 ) hid expansion. In fact, including higher order (α −1 0 ) hid corrections leads to the requirement P eff ≈ 83 [1] . The potential will also receive higher order corrections in the M theory expansion which will change the requirement for P eff (probably by a small amount). One important good feature of the framework is that these higher order corrections to the vacuum energy have little effect on phenomenologically relevant quantities. Therefore, it is sufficient to tune the vacuum energy to leading order as long as one is interested in phenomenological consequences. From a microscopic point of view, however, there are two issues -a) Is it possible to realize a large value of P eff from explicit constructions? and b) Can the values of P eff scan finely enough such that one can obtain the observed tiny value of the cosmological constant? Regarding a), one notices that P eff depends on the detailed structure of the hidden sector and is completely model dependent. For particular realizations of the hidden sector, P eff can be computed. A detailed discussion about P eff is given in Appendix A. However computing P eff in more general cases is difficult because of our limited knowledge of possible three-dimensional submanifolds of G 2 manifolds. In our analysis, we have assumed that three-manifolds exist for which it is possible to obtain a large P eff . The situation regarding b) is even less known. This is because very little is known in general about the set of all compact G 2 manifolds. Duality arguments do suggest that the set of compact G 2 -manifolds is larger than the space of compact Calabi-Yau threefolds. Unfortunately, there do not curently exist any concrete ideas about that space either! In our work, we have assumed effectively that the space of G 2 manifolds scans P eff finely enough such that vacua exist with values of the cosmological constant as observed.
B. The Observable Sector -Introducing the G 2 -MSSM In these compactifications, as mentioned earlier, the observable sector gauge theory resides on a threemanifold different from the one supporting the hidden sector. The observable sector three-manifold is assumed to contain conical singularities at which chiral matter is supported. Since two three-manifolds in a seven dimensional manifold generically do not intersect each other, this implies that the supersymmetry breaking generated by strong gauge dynamics in the hidden sector is generically mediated to the visible sector by the (higher dimensional) gravity multiplet. This gives rise to gravity (moduli) mediation. However, as will be seen later, anomaly mediated contributions will also play an important role for the gaugino masses.
In our analysis henceforth, we will assume a GUT gauge group in the visible sector which is broken to the SM gauge group, with at least an MSSM chiral spectrum, by background gauge fields (Wilson lines). This assumption is well motivated by considering the duality to the E 8 × E 8 heterotic string on a Calabi-Yau threefold. For simplicity, we will present our results for the SU (5) GUT group breaking to the SM group and just an MSSM chiral spectrum, but all our results should hold for other GUT groups breaking in the same way as well.
To summarize, the full low energy N = 1 Supergravity theory of the visible and hidden sectors at the compactification scale (∼ M unif ) is defined by the following:
The visible sector is thus characterized by the Kähler metricKᾱ β and un-normalized Yukawa couplings Y ′ αβγ of the visible sector chiral matter fields Φ α M SSM and the (tree-level) gauge kinetic function f 0 vis of the visible sector gauge fields. In addition, as is generically expected in gravity mediation, a non-zero coefficient Z of the Higgs bilinear is assumed. In general there can also be a mass term (µ ′ ) in the superpotential W , but as explained in [13] , natural discrete symmetries can exist which forbid it, in order to solve the doublet-triplet splitting problem. However, the Giudice-Masiero mechanism in general generates effective µ and Bµ parameters of O(m 3/2 ).
The Kähler metricKᾱ β will be discussed in section II B. The visible sector gauge couplings are determined by the gauge kinetic function f vis which is an integer linear combination of the moduli with the integers determined by the homology class of the three-manifoldQ which supports the visible gauge group. Because of a GUT-like spectrum, the MSSM gauge couplings are unified at M unif giving rise to the same f 0 vis . Since we are assuming an MSSM visible sector below the unification scale, one has to subject N i vis to the constraint that f 0 (25) . The Yukawa couplings in these vacua arise from membrane instantons which connect singularities where chiral superfields are supported (if some singularities coincide, there could also be O(1) contributions). They are given by:
where C αβγ is an O(1) constant and l αβγ i are integers. Factoring out the phases, the magnitude of the Yukawas can be schematically written as:
The normalized Yukawas differ from the above by factors corresponding to field redefinitions. Because of the exponential dependence on the moduli, it is natural to obtain a hierarchical structure of Yukawa couplings as is observed in nature. However, in general it is very difficult technically to compute the Yukawa couplings quantitatively. Therefore, for our phenomenological analysis, we will assume that the (normalized) Yukawa couplings are the same as those of the Standard Model. This is reasonable as in this work we are primarily interested in studying the effects of supersymmetry breaking and electroweak symmetry breaking.
Since the moduli have been stabilized, the F -terms of the moduli (F i ) and the meson fields (F φ ), which are the source of supersymmetry breaking, can be computed explicitly in terms of the microscopic constants. The expressions for F i and F φ in terms of these microscopic constants have been given explicitly in [1] . Since these F -terms and the quantities in (9) together determine the soft supersymmetry breaking parameters, it becomes possible to express all the soft parameters -gaugino masses, scalar masses, trilinears, µ and Bµ, in terms of the microscopic constants. Thus, given a particular G 2 -manifold one obtains a particular set of microscopic constants and thus a particular point in the MSSM parameter space. The set of microscopic constants consistent with the framework of G 2 compactifications and our assumptions thus defines a subset of the MSSM, which we call the G 2 -MSSM. How this works in practice should become clear in the following sections. Formulae (14) , (20) , (22) , (32) , (36) give the soft-breaking parameters at the unification scale, in terms of the microscopic constants.
Before moving on to discussing the phenomenology of the G 2 -MSSM vacua in detail, it is worth noting that realistic M theory vacua with a visible sector larger than the MSSM, will give rise to additional, different predictions for low energy phenomenology in general, and LHC signatures in particular. Therefore, the pattern of LHC signatures may help in distinguishing them. We hope to study this issue in the future.
II. G 2 -MSSM SOFT SUPERSYMMETRY BREAKING PARAMETERS AT M unif
Phenomenologically relevant physics quantities are not sensitive to all of the microscopic constants. Instead, only certain parameters such as Q, P , C 2 and δ 4 as well as certain combinations of them, such as V 7 , VQ vis and P eff are responsible for relevant physics quantities. These combinations have to satisfy various constraints which make the procedure of moduli stabilization in [1] valid and consistent. These conditions give phenomenologically interesting consequences. Four of the most important constraints are:
• The validity of the supergravity approximation requires V 7 > 1. We call this the "weak supergravity constraint". In its "strong" form, one could require all geometric moduli s i to be greater than unity. The supergravity constraint is required because our solutions can be trusted only in this regime.
There could be different solutions in other regimes beyond the supergravity apporximation, but little is known about them.
• Since current observations indicate a strong evidence for a dS vacuum with a tiny cosmological constant, the vacua are required to have positive cosmological constant. In addition, the microscopic constants are required to be such that the cosmological constant can be tuned to be very small. We call this the "dS vacuum constraint".
• Since it is known that, for an MSSM visible sector α
unif ∼ O (25) . We call this the "unified coupling constraint".
• M 11 > M unif ∼ O(10 16 GeV), which is required to make intrinsic M theory corrections to gauge couplings and other parameters negligible at and below M unif . We call this the "unification scale constraint".
A discussion of parameters compatible with the "supergravity constraint", "dS vacuum constraint" and the "unified coupling constraint" is given in Appendix B. In section IV, it will be shown that the "unification scale" constraint can be naturally satisfied within this framework. We will now proceed to discussing the gravitino mass and the soft supersymmetry breaking parameters assuming that sets of parameters can be found such that all the above constraints are satisfied.
A. Gravitino Mass
The bare gravitino mass in N = 1 supergravity can be computed as follows:
This quantity plays an important role in gravity mediated models of supersymmetry breaking and sets the typical mass scale for couplings in the supergravity Lagrangian. It is therefore useful to compute this quantity in detail in the G 2 -MSSM.
As explained earlier, |W | is generated by strong gauge dynamics in the two hidden sectors, W 1,2 ∼ (Λ 1,2 ) 3 . This implies that the gravitino mass can be schematically expressed as:
up to some factors of volume coming from the Kähler potential in (12) . More precisely, the gravitino mass is:
where in the last line, φ 0 ≈ 1 is used. The exponential part in the equation is roughly Λ 3 cond in units of m p . As seen from above, the gravitino mass is effectively determined by four parameters: {P eff , Q − P , V 7 and C 2 }. For Q − P = 3, the gravitino mass can be well approximated by
For the case of zero cosmological constant P eff = 83 5 , the exponential is unity and the gravitino mass is bounded from above by 708 TeV. As will be seen later, V 7 turns out to be typically in the range 10-100, implying that m 3/2 naturally lies between 10 and 100 TeV. If one allows a dS minimum with a large cosmological constant, P eff can be smaller than 84 and the gravitino mass can become larger. For larger values of Q−P , the P eff required to tune the cosmological constant (see eqn. (8)) is smaller. For example, for Q − P = 4, P eff = 28 is required. Since the gravitino mass is exponentially sensitive to P eff (as seen from (15)), the gravitino mass for Q − P > 3 turns out to be much larger then the TeV scale. This is the reason for mainly considering the case Q − P = 3.
B. Scalars and Trilinears at M unif
The general expressions for the un-normalized scalar masses and trilinear parameters are given by [14] :
In order to determine physical implications, however, one has to canonically normalize the visible matter Kähler potential K visible =Kᾱ β ΦᾱΦ β + ..., which is achieved by introducing a normalization matrix U :
The Us are themselves only defined up to a unitary transformation, i.e. U ′ = U · N is also an allowed normalization matrix if N is unitary. The normalized scalar masses and trilinears can then be written formally as:
More precisely, the scalar masses can be written as:
Thus, when the cosmological constant has been tuned to be small, the scalar masses generically have a flavor universal and flavor diagonal contribution equal to m 2 3/2 from the first term in (19) and a flavor non-universal and flavor non-diagonal contribution from the second term in (19) . In order to estimate the size of the non-universal and non-diagonal contributions, one has to know about the moduli and meson dependence of the visible sector Kähler metric. This dependence of the matter Kähler metric is notoriously difficult to compute in generic string and M theory vacua, and the vacua under study here are no exception. Therefore, it is only possible to proceed by making reasonable assumptions. Under our assumptions about the meson field kinetic term, the only contribution to the non-universal and nondiagonal terms in (19) comes from the F terms of the moduli F i . Since F i ≪ F φ , the non-universal contributions are negligible compared to the universal and diagonal contribution. Thus,
This implies that flavor changing neutral currents (FCNCs) are adequately suppressed. The fact that the scalar masses are are roughly equal to the gravitino mass can be traced to the non-sequestered nature of the Kähler potential in (9) . In the absence of fluxes, the G 2 compactifications considered here do not have any warping, which implies that one generically does not have sequestering in these compactifications [15] . Since the scalars are heavy and also flavor universal at leading order, we expect that no significant signals should occur for observables from loops with sleptons or squarks, in particular for rare flavor violating decays such as µ → eγ, K → πνν, b → sγ, etc, and also no significant signal for g µ − 2. The computation of the trilinears also simplifies under the above assumptions. Again, since the unnormalized Yukawa couplings and the visible sector Kähler metric are not expected to depend on the meson field, the dominant contribution to the trilinears comes from the first term in the expression for trilinears in (II B). Thus, one has:
This implies that the normalized trilinear parameters are:
Here we have used the fact that the normalized Yukawa couplings are given by
. The reduced normalized trilinear parameters have a particularly simple form:
Thus, we see that in G 2 -MSSM vacua, the scalar masses and trilinears are generically of O(m 3/2 ).
C. Gaugino Masses at M unif
We now turn to gaugino masses. The computation of gaugino masses depends less on our knowledge of the matter Kähler potential, therefore it is possible to obtain quite detailed formulae. In G 2 vacua the tree-level gaugino masses are suppressed relative to the gravitino mass unlike the scalars and trilinears. Therefore, other contributions such as those from anomaly mediation and those from threshold effects arising from integrating out heavy fields can be important. Schematically, one can write
In the following we wish to compute each contribution at the unification scale M unif . We study the case when the low energy spectrum is that of the MSSM. As mentioned in section I B, for concreteness we will assume an SU (5) GUT group broken to the MSSM by a discrete choice of Wilson lines for concreteness. This gives rise to a pair of Higgs triplets whose effects should be properly taken into account. For the case of a different GUT group breaking to the MSSM by Wilson lines, there would be similar heavy particles whose effects should be taken into account. As we will see, the results obtained will be the same for all GUT groups as long as the low energy spectrum is that of the MSSM.
Tree-level suppression of Gaugino masses
The tree-level gaugino masses at the scale µ are given by [14] :
where f 0 a is the tree-level gauge kinetic function of the a th gauge group. As explained earlier, the tree-level gauge kinetic function f 0 a of the three gauge groups in the MSSM are the same (= f 0 vis ) because of the underlying GUT structure. The tree-level gaugino mass at the unification scale can then be computed in terms of microscopic parameters. The details are provided in section VIIIA of [1] . Here, we write down the result:
where α
where γ W arises from the phase of the F -term. The phases of the soft parameters will be discussed in detail in section II D. δ corresponds to threshold corrections to the (unified) gauge coupling and will be discussed more in section IV. As seen from above, gaugino masses are suppressed by P eff relative to gravitino mass. This property is independent of the details of the Kähler potential for φ and the form of
Because the MSSM is obtained by the breaking of a GUT group by Wilson lines, the gauge couplings of the MSSM gauge groups are unified at the unification scale giving rise to a common Im(f 0 vis ). This implies that the tree level gaugino masses at M unif are also unified. In particular, for Q − P = 3 with a vanishing cosmological constant (P eff = 83) and the Kähler potential given by (3), one has an explicit expression for the gaugino mass:
Here we have used the fact that for Q − P = 3, φ 2 0 ≈ 0.73. As explained in section I A, a large P eff is required for the validity of our solutions. Therefore, the parametric dependence on P −1 eff in Eq. (27) indicates a large suppression in gaugino masses. The precise numerical value of the suppression may change if one considers a more general form of the matter Kähler potential since then the numerical factor multiplying P −1 eff in (27) may change in general. However as long as the couplings for higher order terms in the matter Kähler potential such as (φφ) 2 are sufficiently small, a large numerical suppression is generic. In our analysis henceforth, we will assume that to be the case.
From a physical point of view, the suppression of gaugino masses is directly related to the fact that the F -terms of moduli F i (in Planck units) are suppressed compared to m 3/2 and that the gauge kinetic function f 0 a in (25) only depends on the moduli s i . This implies that the F -term of the meson field does not contribute in (27) . It is also useful to compare the above result for the tree-level suppression of gaugino masses in G 2 dS vacua with that of Type IIB dS vacua. In KKLT and large volume type IIB compactifications, the moduli F terms also vanish in the leading order leading to a suppression of tree-level gaugino masses, although for a different reason -the flux contribution to the moduli F terms cancels the contribution coming from the non-perturbative superpotential [16] . Another difference is that the subleading contributions in those Type IIB vacua are suppressed by the inverse power of the volume of the compactification manifold. Note that a large associative three-cycle on a G 2 manifold (VQ vis ) does not translate into a large volume compactification manifold. So, it is possible for G 2 vacua to have a large VQ vis while still having a high compactification scale.
Anomaly contributions
Since the tree-level gaugino mass is suppressed, the anomaly mediated contributions become important and should be included. In our framework they are not suppressed. The general expression for the anomaly contribution to gaugino masses at scale µ is written as [17] :
where i runs over all the MSSM chiral fields. Again, since the Kähler metric for visible sector matter fields is expected to be independent of the meson field, the third term in (29) is much smaller than the first two. Thus, the anomaly mediated contribution can be simplified:
As seen from (30), the anomaly mediated contributions are not universal. Since the anomaly mediated contributions are numerically comparable to the tree-level contributions, the gaugino masses will be nonuniversal at the unification scale. That the tree-level and anomaly mediated contributions are similar in size seems to be accidental -one is suppressed by 1/P eff = 1/83, the other by the loop factor 1/16π 2 , and these factors are within a factor of two of each other.
The complete Gaugino masses
In principle, there can also be threshold corrections to gaugino masses from high scale physics and it is important to take them into account. In general, a threshold correction to the gaugino masses at a scale M th is induced by a threshold correction to gauge couplings by the following expression [18] :
In these M theory compactifications, possible threshold corrections at scales ≤ M unif can arise from the following:
• 4D particles in the GUT multiplet with mass ≈ M unif -∆f
It turns out that threshold corrections to the gauge couplings from KK modes are constants [7] . Therefore, from (31), they will not give rise to any threshold correction to the gaugino masses. As explained in appendix C, corrections from generic heavy M theory states T with mass ∼ M 11 as well as from 4D heavy GUT particles with mass (∼ M unif ) (such as Higgs triplets in SU (5)), to the gaugino masses are also negligible. So, the complete gaugino mass can be approximately written as:
The above analytical expression for gaugino masses is true up to the first subleading order in the 1/VQ expansion. In general, the full gaugino mass at the unification scale (32) depends on the parameters {Im(f 0 ), Q − P , δ, V 7 , P eff and C 2 }. For the phenomenologically interesting case with Q − P = 3 and P eff = 83, there are effectively only four parameters: {Im(f 0 ), δ, V 7 , C 2 }. As seen from (15), m 3/2 is determined from the last two parameters -V 7 and C 2 . Therefore, the ratio of the gaugino masses to the gravitino mass for the phenomenologically interesting case of Q − P = 3, P eff = 83 just depends on the parameters Im(f 0 ) and δ which are subject to the constraint α M 3 are smaller than M 1 by a factor of few at the unification scale. However, as will be seen promptly, the gluino will still turn out to be the heaviest gaugino because of RG effects. Until now, we have not looked at the phases in detail. In general, phases may have non-trivial phenomenological consequences. To count the number of phases, it is helpful to go back to the expression for the superpotential:
where A 1 and A 2 and φ are complex variables with phases say (ϕ 1 , ϕ 2 , θ). However the relative phase between the first and second terms is fixed by the minimization of axions,
This can be seen in the Eq. (102) and (103) in [1] . The only phase left is
Let's start with the calculation of phases for the gauginos. From the definition of the tree-level gaugino masses in (25) , M a ∝ Fm ≡ ∂mW + (∂mK)W . Thus, the phase of the tree-level gaugino mass is −γ W (even though the Kähler potential appears in the expression for gaugino masses, it is real and hence does not contribute to the phase). There is an additional contribution from anomaly-mediation which includes terms proportional to eitherW orFm, leading to the same phase −γ W as seen in (30) . Thus, the phase of the gauginos is φ Ma = −γ W .
The Yukawa couplings also have phases in general. As mentioned in section I B, in our analysis we have not attempted to explain the origin of Yukawa couplings and have assumed that the Yukawa couplings are the same as that in the Standard-Model. This effectively means that the Yukawas just contain one non-trivial phase, the one which is present in the CKM matrix.
The phases of supersymmetry breaking trilinear couplings can also be computed in terms of γ W . From
Then one can show thatK φ = φ 0 e −iθ and Fφ ∼ e iθ−iγ W . Therefore, the overall phase for the trilinear coupling is simply φ A = −γ W , the same as that for gaugino masses.
The µ and Bµ parameters (with µ ′ = 0 6 ) can be written as [14] :
where Z is the Higgs bilinear coefficient andK is the Kähler metric for the Higgs fields. Z is a complexvalued function of all hidden sector chiral fields in general. Therefore, in general both µ and Bµ have independent phases. However, with the reasonable assumption that the visible sector Kähler metric and the Higgs bilinear coefficient Z are independent of the meson field φ, one can make simplifications. Combining the above with the fact that F i ≪ F φ , one has the following approximation:
Therefore, the phases of µ and Bµ are:
To summarize, with some reasonable assumptions, at leading order in our analysis, all soft terms depend on only two phases -γ W and γ Z . This means that the reparameterization invariant phases given by φ µ + φ A − φ Bµ and φ µ + φ Ma − φ Bµ [19] vanish, implying that within the above assumptions there are no non-trivial CP-violating phases beyond that in the Standard-Model at the unification scale. It is possible to do a global phase transformation of the superpotential without affecting physical observables. Thus, one can choose a basis in which γ W vanishes. The reparameterization invariant combinations above still give the same result. RG evolution to low scales can lead to additional effects. There is a finite threshold correction to the bino and wino mass parameters from the Higgs-Higgsino loop at low-scales which is proportional to µ (more about this in the next section). The correction thus depends on the phase φ µ making the phase of the low scale bino and wino mass parameters different from −γ W in general. Therefore, the reparameterization invariant combinations φ µ + φ Ma − φ µ for a = 1, 2 will not vanish in general at low scales giving rise to non-trivial phases. In the basis in which γ W vanishes, these non-trivial phases will depend on γ Z . At present, it is not possible to reliably compute γ Z from first principles. Therefore, in our analysis below, we will only study situations with γ Z = 0 or π 7 . This corresponds to µ being positive or negative respectively. We hope to study non-trivial phases in more detail in the future.
E. Summary of the G 2 -MSSM at the Unification scale.
In summary, the soft-susy breaking parameters at the unification scale in the G 2 -MSSM are given by equations (20) , (23) , (32) and (36) (with z ef f order one). The microscopic constants which are determined by the G 2 -manifold are subject to the constraints discussed at the beginning of section II. We now turn to the detailed discussion of renormalising the masses and couplings down to the Electroweak scale.
III. SUPERPARTNER SPECTRUM AT M EW AND ELECTROWEAK SYMMETRY BREAKING
As seen in previous section, the scalar and Higgsino masses at M unif are close to that of the gravitino. This has to be larger than > ∼ 10 TeV in order to evade the LEP II chargino bound because of the large suppression of the gaugino masses relative to the gravitino. In addition, a gravitino mass of > ∼ 10 TeV is also required to mitigate the moduli and gravitino problems.
In order to connect to low-energy physics, one has to RG evolve the soft supersymmetry breaking parameters from M unif to the electroweak scale. It turns out that RG evolution increases the masses of the first and second generation squarks and sleptons. However, since the increase is mostly proportional to the gaugino masses [20] which are much smaller than the high-scale sfermion mass, the masses of the first and second generations squarks and sleptons are still of O(m 3/2 ). The masses of the third generation squarks and sleptons -stops, sbottoms and staus are also affected non-trivially by the trilinear parameters (again of O(m 3/2 )) because of their larger Yukawa couplings [20] . In particular, the lightest stop (t 1 ) becomes much lighter than the other sfermions (even though still considerably heavier than the gauginos).
Finally, the µ parameter, which determines the masses of the Higgsinos, does not change much during RG evolution because of the non-renormalization theorem 8 . So, the µ parameter at the electroweak scale is also of O(m 3/2 ).
Because of the large hierarchy in the spectrum, it is convenient to work in an effective theory with the heavy fields (scalars and Higgsinos) integrated out at their characteristic scale (M s ∼ 10 − 100 TeV). The low energy effective theory below M s only contains the light gauginos and the SM particles. Therefore it is very important to compute the masses of gauginos as these are the only light new states predicted by the theory 9 . To take into account the threshold effects of these heavy states on the gaugino masses, we follow the 'match and run' procedure which is a good approximation when M a ≪ M s . In this paper, we use a one-loop two-stage RGE running with a tree-level matching at the scale M s . All other thresholds are calculated using the exact one-loop results.
A. Gaugino Masses at M EW
The weak scale gaugino mass parameters at one-loop can be related to those at unification scale by a RG evolution factor K a as follows:
The RG evolution factors K a are given by:
whereb a 's and b a 's are the β function coefficients of the gaugino masses and gauge couplings respectively:
α s a and α EW a are the gauge couplings at the decoupling scale M s and the electro-weak scale M EW respectively, which can be expressed as
As an example, for α unif = 1/26.5, for M s varying from 10 TeV to 100 TeV, the corresponding RG factors are
Notice that the RG evolution factor K 3 is quite large for a large M s . This prevents the gluino becoming the LSP even though the gluino mass M 3 is typically small at the unification scale.
Once the running masses of the gauginos at the low scale are calculated, their pole mass can be obtained by adding weak scale threshold corrections. For general MSSM parameters, they are given in [21] . In our 'match and run' procedure, the threshold corrections of heavy scalars and Higgsinos are automatically included except some finite terms which are usually small and negligible. However, since in our case the Higgsino mass µ is of order m 3/2 , the finite threshold correction cannot be neglected and is given by [21, 22, 23] :
In the second line, we have used the fact that
A ∼ 1 so that the logarithm can be expanded. In addition, since µ does not change much in the RG evolution, it is a good approximation to use its high scale value µ ≡ z eff m 3/2 . This quantum correction proportional to µ will shift the bino (M 1 ) and wino (M 2 ) masses up or down depending on the sign of µ. This will most significantly affect M 2 as it is typically the lightest gaugino at M unif . Therefore it could potentially affect the identity of the LSP. For the case with gravitino mass m 3/2 ∼ 30 TeV, this finite correction to M 2 is roughly 100 GeV, which may even dominate over the tree-level mass. This large correction to M 1,2 is not surprising since the low energy effective theory is non-supersymmetric and there is no symmetry to protect the gaugino masses from finite radiative corrections.
It is important to notice that since the above correction is linear in µ, it is sensitive to the sign of µ. More generally, as was explained in section II D, µ can have a different non-trivial phase from the gaugino masses which share a common phase. So the inclusion of the finite threshold correction can eventually lead to non-trivial phases for the reparameterization invariant combinations. This can change the spectrum eigenvalues, leading to observable effects for colliders, for Dark Matter relic density, Dark Matter detection and for Electric Dipole Moments (EDMs). As mentioned in section II D, it is unfortunately not possible at present to compute the effects of these phases reliably, so we will only consider the effects of positive and negative µ (corresponding to γ Z = 0 and π in our analysis respectively 10 ). This leads to two different plots as shown in Figure 2 .
Of course, one also has to include weak scale threshold corrections from gaugino-gauge-boson loops. These are especially important for the gluino mass:
For M 3 not much heavier than M EW , there is a substantial correction of at least 3α 3 M 3 .
We calculated the gaugino mass at the Weak scale, with all these corrections taken into account. As mentioned before, the hierarchy of gaugino masses is most sensitive to δ and P eff . In order to obtain realistic phenomenology, we choose Q − P = 3 and tune the cosmological constant to obtain P eff = 83. Then, the hierarchy of gaugino masses mainly depends on δ -the threshold corrections to the unified gauge coupling. The dependence of gaugino masses on δ is shown in Figure 2 . From the figures, we see that for µ > 0, the wino tends to be the LSP (|M 2 | < |M 1 |) while for µ < 0, the bino tends to be the LSP (|M 1 | < |M 2 |) for a large range in δ. Also, |M 3 | is significantly larger than |M 1 |, |M 2 | for values of |δ| > ∼ 3. As will be seen in section IV, |δ| > ∼ 3 is favored by precision gauge unification.
B. Electroweak Symmetry Breaking
Since the scalars in the G 2 -MSSM are generically very heavy, there are large logarithmic corrections to the Higgs potential. To analyze EWSB in such a theory, it is better to work in the low energy effective field theory in which all heavy fields are decoupled. Then, the large logarithmic corrections are automatically resummed when the Higgs parameters are RG evolved to the low scale. After decoupling all the heavy fields, the low energy effective theory is simply the standard model plus light gauginos. It is well known that in order to have electroweak symmetry breaking, there must exist a light Higgs doublet below the decoupling scale with negative mass parameter. It was pointed out in [24] that generically it is very hard to get EWSB predominantly from radiative effects below the decoupling scale, more so if the decoupling scale is not too high (as in our case). Therefore, if electroweak symmetry breaking happens in the effective theory at low scale, it should also happen in the MSSM theory at the decoupling scale. This means that we only need to check the existence of EWSB at the decoupling scale in the MSSM framework.
In order to do that, we have to first diagonalize the mass matrix of (h u , h * d ):
The eigenvalues are
The light Higgs doublet h is a superposition of h u and h
where β is determined by the diagonalization of the matrix. In a complete high scale theory, the mass matrix Eq. (45) is completely determined by the high scale boundary condition. The existence of EWSB depends on whether there is one negative eigenvalue. As explained earlier, in realistic G 2 theory vacua, the effective µ and Bµ terms in the low-energy lagrangian arise from the non-zero Higgs bilinear coupling Z. If the µ term in the original superpotential is forbidden by some discrete symmetry as in [13] , then they are given by (see section II D):
Using the above relation and RG evolving them to the decoupling scale, one can obtain a Higgs mass matrix which is parameterized by z eff . One then finds that for z eff < z * eff ∼ O(1) there will always be a negative eigenvalue and so electroweak symmetry is broken. This condition for the existence of EWSB is naturally satisfied if z eff ∼ O(1). Since all elements in the mass matrix (45) are O(m 3/2 ), the mixing coefficients (sin β and cos β) of h u and h * d are of the same order. Thus, tan β is naturally predicted to be of O(1). This is in contrast to usual approaches to high-scale model-building where µ and Bµ are completely unknown from theory and are only determined after fixing M Z and choosing tan(β). In the G 2 -MSSM, tan β is not a free parameter and is determined by the relation between µ and Bµ predicted from the theory.
Since all the elements in the mass matrix (45) are O(m 3/2 ), the Higgs mass eigenvalues should also be m 3/2 which is around 100 times larger than the EW scale. This implies a fine-tuning if there is no magic cancellation. So, even though the existence of EWSB is generic, getting the correct Z mass is not. As will be discussed below, the requirement of obtaining the correct Z-boson mass fixes the precise value of z eff . This requires a fine-tuning of z eff .
In the following we describe the precise procedure used for obtaining EWSB with the correct Z mass. The heavy scalars are decoupled at M s and the couplings of the low energy effective theory (consisting of the SM particles and the MSSM gauginos) are matched with those of the complete MSSM. Most importantly, the matching condition for the quartic coupling of the Higgs is given by:
It turns out that at energies below the decoupling scale M s , the one-loop RG evolution of m (the SM Higgs mass parameter), λ and the Yukawa couplings is the same as that of the Standard Model: 
It is important to mention that the above equations are different from the corresponding ones for splitsupersymmetry because Higgsinos in the G 2 -MSSM are also very heavy (of O(m 3/2 )) unlike that in split-supersymmetry [25] . Therefore, for the G 2 -MSSM, the Higgsinos also decouple below M s forbidding additional terms which appear in the one-loop RG equations for split-supersymmetry. From above, the quartic coupling λ will get a large correction from RG evolution because of the large top Yukawa coupling. The gaugino masses M a on the other hand will only receive one-loop corrections from gauge boson exchange. The corresponding RGE equations at one-loop are as follows:
Given the boundary conditions for soft parameters for realistic M theory vacua as in section II, one finds that EWSB occurs if z eff is of O(1). But the generic value of M Z is around m 3/2 , which can be seen from the fact that all the Higgs parameters are of the order of m 3/2 . In order to get M Z = 91 GeV, one has to tune z eff so that µ and Bµ take values such that the lightest Higgs mass parameter comes out to be around M EW . This fine-tuning is a manifestation of the little hierarchy problem -an unexplained hierarchy between the electroweak (SM-like Higgs) and superpartner (scalar) scales. Our current understanding of the theory does not yet allow us to explain the little hierarchy problem by a dynamical mechanism. In the low energy effective theory the ratio of the Higgs mass to the Z mass turns out to be quite robust 11 . The ratio is given by:
λ is determined by the gauge couplings, Yukawa couplings and tan β. One has to use the boundary condition for λ at M s as in (49) and then RG evolve it to the electroweak scale using the first equation in (50). The gauge couplings at the electroweak scale can also be determined by their RGEs. Thus, one can obtain the ratio m h /m Z as a function of m 3/2 as shown in Figure 3 . It is worth noting that this ratio only mildly depends on m 3/2 . If M Z is tuned to its experimental value, we can use λ obtained from Since all susy-breaking large logarithms have already been taken into account in the 'Match and Run' procedure, only some finite term contributions could have been missed in this analysis. One could take those effects into account as well in a more detailed analysis, but that would not change the Higgs mass significantly.
The origin of the above value of the Higgs mass can be understood as follows. If one did not decouple the scalars and Higgsinos at M s , then the Higgs mass receives very large radiative corrections, making the Higgs mass heavy as required. However, because of the hierarchy between the scalars and gauginos, these radiative corrections are hard to compute in a controlled manner. In the spirit of effective field theory therefore, it makes sense to integrate out the scalars and Higgsinos at M s . In this picture, all the radiative corrections to the Higgs mass can be incorporated in the running of the quartic coupling λ. λ gets renormalized from M s to M EW giving rise to a heavy Higgs.
IV. GAUGE COUPLING UNIFICATION
In section I B, it was mentioned that in many cases the strong coupling limit of E 8 × E 8 heterotic string theory compactifications on a Calabi-Yau threefold Z is the same as M theory compactifications on a singular G 2 -holonomy manifold X. Since a GUT-like spectrum is natural in weakly coupled heterotic compactifications, a GUT-like spectrum (breaking down to the MSSM by Wilson-lines) was assumed for G 2 compactifications in our study as well. At a theoretical level, because of an underlying GUT structure, the MSSM gauge couplings are unified at the compactification scale M KK for both heterotic and G 2 compactifications. However, when one tries to impose constraints from the extrapolated values of observed gauge couplings, interesting differences arise between weakly coupled heterotic and G 2 compactifications. Here, we will first explain the difference between weakly coupled heterotic compactifications and G 2 compactifications regarding gauge unification and then discuss the procedure used in our analysis to obtain sets of parameters compatible with precise gauge unification.
In weakly coupled heterotic string compactifications, there is a relation between the Newton's constant G N , the unified gauge coupling α unif , the string coupling e φ and the volume of the internal manifold V CY [26] . Assuming a more or less isotropic Calabi-Yau, one has V CY ∼ M −6 unif which gives:
since the string coupling is weak by assumption (e 2φ < 1). Substituting the values of α unif and M unif obtained by extrapolating the observed gauge couplings in the MSSM, the prediction for G N turns out to be too large compared to the observed value. Various proposals have been put forward for dealing with this problem within the perturbative heterotic setup, but none of them are obviously compelling. In G 2 compactifications however, one finds a different relation among the same quantities 12 after doing a similar analysis [7] :
Here, "a" is the dimensionless ratio between the volume of the G 2 manifold V 7 and the volume of the three-manifoldQ vis on which the visible sector MSSM gauge group is supported. If one does a more careful analysis and takes into account the threshold corrections to the unified gauge coupling from Kaluza-Klein (KK) modes, one obtains [7] :
where L(Q vis ) is the contribution from the threshold correction. Substituting the values of α unif and M unif obtained by extrapolating the observed gauge couplings in the MSSM and the value of G N , one finds:
In all examples where duality with heterotic string theory or Type IIA string theory is used to deduce the existence of the G 2 manifold X, "a" is expected to be much less than unity [7] . For G 2 -MSSM vacua, with natural values of the microscopic parameters one obtains V 7 = 10 − 100 [1] while VQ
≪ 1 is also naturally satisfied for G 2 -MSSM vacua. In addition, by expressing V 7 and VQ vis in terms of M 11 and M unif respectively, a < 1 implies M unif < M 11 which means that the unification scale constraint stated in section II can be naturally satisfied. Since a ≪ 1, from (58) one requires:
The quantity L(Q vis )) 2/3 depends on certain topological invariants of the three-manifoldQ vis and can be computed for special choices ofQ vis . For one such choice -Q vis = S 3 /Z q ; q ∈ Z, (L(Q vis )) 2/3 has been computed [7] . It depends on two integers ω, q such that 5ω is not a multiple of q. 14 Figure 4 shows the variation of L 2/3 forQ vis = S 3 /Z q as a function of q for different choices of 5ω mod q. One sees that L 2/3 ≪ 15 can be obtained in a natural manner for a large range of q. For other choices of Q vis , it is reasonable to expect a similar result. To summarize therefore, G 2 -MSSM vacua are naturally compatible with gauge unification in general and the "unification scale constraint" mentioned in section II in particular. The value of the unified gauge coupling α unif is also affected by the threshold corrections. The treelevel unified gauge coupling of the visible sector at the compactification scale is the volume of the visible sector three-manifoldQ vis :
After taking into account the threshold corrections (at one-loop), one has:
For the one-loop result to be reliable, δ should be small compared to α (25) as well. The conditions under which the microscopic parameters can give rise 13 The unified coupling constraint will be discussed in Appendix B. 14 It is assumed that an SU (5) GUT group is broken to the MSSM by Wilson lines. to the above value of α −1
vis is discussed in Appendix B. The threshold correction δ can be computed from the topological invariants of the three-manifoldQ vis , so it also depends on integers characterizing the topology ofQ vis . However, it is in general regularization dependent in contrast to expression (57) for the unification scale [7] . Therefore, in our analysis we will assume δ to be a free parameter varying in a reasonable range such that one-loop results are still reliable.
A. Precision Gauge Unification
Having convinced ourselves that G 2 -MSSM vacua are naturally compatible with gauge coupling unification, we will now examine the issue of precision gauge coupling unification in the G 2 -MSSM in the sense that we would like to find sets of microscopic parameters which give rise to precise gauge unification. There are two aspects to this issue: a) Is there a unification of gauge couplings at a high scale O((1 − 3) × 10 16 ) GeV by continuing the gauge couplings up in energy from the laboratory scale including all the low-scale thresholds, and b) Whether the unified gauge coupling and the unification scale obtained are consistent with the theoretical prediction in terms of "microscopic" parameters. As we will see, it turns out that the G 2 -MSSM is compatible with precision gauge coupling unification in the sense that there exists a relatively large set of reasonable microscopic parameters which gives rise to precise gauge coupling unification.
Before going into details, it is important to notice the following general fact -gaugino masses at the unification scale and hence the low scale depend on the value of α sleptons come in complete GUT multiplets, they do not affect gauge unification. The Higgs doublets, Higgsinos and gauginos do affect gauge unification since they do not form complete GUT multiplets. Since the Higgsino mass (µ) in these vacua are heavy (O(m 3/2 )) and is robustly determined by the gravitino mass once the EWSB breaking constraint is imposed, for a fixed gravitino mass gauge coupling unification will mostly depend on the light gaugino masses, the gaugino mass ratio |M 3 |/|M 2 | in particular because it contributes the most to the threshold corrections to the gauge couplings. We find that in order to have precise unification, this ratio has to be greater than around 3 − 4. This sensitivity to |M 3 |/|M 2 | is much greater here than in split-SUSY where both the Higgsinos and gauginos are light. Finally, if there are particles in the GUT multiplet in addition to the MSSM (the Higgs triplets in the SU (5) case for example) that are lighter than M unif , then one should also take their threshold contributions to the gauge couplings into account. However one finds that their threshold contribution causes α 1 to move away from each other. Therefore, the requirement of precision gauge unification forces us to assume that such particles (like the triplets) are at least as heavy as the unification scale. It seems possible to arrange that in many models.
Based on the above arguments, we performed a complete scan over the parameter space on which the gaugino masses depend -{δ, V 7 , C 2 , α −1 vis }, assuming Q − P = 3, P eff = 83. As negative δ is necessary to obtain the right unification scale, we take a range −10 ≤ δ ≤ 0. C 2 is taken to be O(1). α
is taken to be of O (25) . The lower and upper bounds on V 7 are given by 15 :
In addition, we consider a gravitino mass below 100 TeV so that the spectrum is light enough to be potentially be seen at the LHC, as well as satisfy all our constraints. The analysis was done for two different cases µ > 0 and µ < 0. As explained in section III A, M 1 and M 2 at low scale get contributions from the Higgs-Higgsino loop (see eqn. (43)) which depends on the sign of µ. This means that for a given m 3/2 which is consistent with all mass bounds on the spectrum, |M 3 |/|M 2 | for µ > 0 is greater than that for µ < 0. So, it turns out that µ < 0 is excluded by gauge coupling unification while µ > 0 is allowed. The gaugino mass spectra for µ > 0 compatible with precision gauge unification and all bounds on superpartner masses are shown in Figure 5 . The most stringent bound among superpartner mass bounds is that of the lightest chargino from LEP II. For the bino LSP case, the bound is MC 1 ≥ 104 GeV. However for a wino LSP, which turns out to be relevant for us, the bound depends on the mass splitting ∆M ≡ Mχ± 10 16 ) GeV, the MSSM spectrum was computed at low scales using the analysis in sections II C and III A. The experimental values of the gauge couplings (both their max. and min. values taking the uncertainty into account) were then RG evolved backwards to the high scale using two-loop RGEs which depend on the superpartner thresholds. The unified gauge coupling and the unification scale were determined by the requirement α 1 (M unif ) = α 2 (M unif ). The Yukawa couplings were evolved to the high scale at the same time. The original parameters were scanned within their respective ranges and only those values for which the initial assumed α unif was equal to the value of the computed α unif up to experimental uncertainties, were recorded. M Z was checked to be approximately 91 GeV. The condition for gauge coupling unification, i.e. α 3,min (M unif ) < α 1,2 (M unif ) < α 3,max (M unif ), was checked and only sets of parameters which satisfied the above condition as well as other constraints on superpartner masses, were recorded. In the above condition, α 3,min (M unif ) and α 3,max (M unif ) are the lower and upper values of α 3 at the unification scale, determined by RG evolving the low scale experimental value of α 3 taking the uncertainties into account. The low scale gaugino mass spectra consistent with precise gauge coupling unification are plotted in Figure  5 . As explained earlier, this is only possible for µ > 0. One sees from Figure 5 that only discrete values of gaugino masses are possible since it is not possible to satisfy precision gauge unification constraints for continuous sets of parameters. 15 The upper bound is determined from the fact that in both heterotic and type IIA duals of these vacua, the parameter a ≡
is always less than unity [7] .
V. WHAT IS THE LSP?
From Figure 5 , the lightest supersymmetric particle (assuming R-parity conservation) turns out to be predominantly wino-like. The Higgsinos are of O(m 3/2 ) and are much heavier than the gauginos. Here, as usual we have assumed that Q − P = 3 and P eff = 83.
It is worthwhile to compare and contrast the results obtained for the G 2 -MSSM for the nature of the LSP with those for the Type IIB vacua corresponding to the "mirage mediation" framework mentioned in the introduction. There one always gets bino LSPs. In mirage mediation, the gaugino mass contribution is dominated by the tree-level and conformal anomaly contribution (the first term in (29)) which are of the same order [18] . The second and third term in (29) are negligible because of the assumption of sequestering. On the other hand, for the G 2 -MSSM, the Konishi anomaly contribution coming from the second and third term in (29) is also important as one does not expect sequestering in general. The second important difference is that the µ parameter is very large for the G 2 -MSSM (of O(10) TeV) compared to that for mirage mediation. This implies that the finite contribution to M 1 and M 2 from (43) in the G 2 -MSSM is quite important in contrast to that in mirage mediation. Also, as seen from the bottom plot in Figure ( 2), µ < 0 gives rise to bino LSPs; however only G 2 -MSSM vacua with µ > 0 should be considered since those with µ < 0 are disfavored by precision gauge coupling unification as explained in section IV. Therefore, due to all the above reasons, the nature of the LSP obtained for the G 2 -MSSM is different from that for mirage mediation.
A. Dark Matter Relic Abundance and Cosmological Evolution of Moduli
It is well known that wino LSPs annihilate quite efficiently compared to bino LSPs due to the larger SU(2) gauge coupling g 2 . Therefore, for wino masses of O(100-500) GeV, as is natural for the G 2 -MSSM vacua, the thermal contribution to the relic density of these wino LSPs is much smaller (∼ 0.01−0.1 times) than the observed upper bound on the relic density. This implies that if (wino) LSPs constitute most of the Dark-Matter(DM) in the universe, they must be produced non-thermally. The issue of non-thermal production mechanisms of these LSPs is intricately linked to the cosmological evolution of moduli after inflation. As it turns out, during the course of their evolution moduli decay to LSPs giving rise to an appreciable non-thermal contribution which could give rise to a wino LSP relic density of approximately the right amount. This will be reported in detail in a future study [27] . Here we will just outline the salient features of our analysis of cosmological moduli evolution.
It is well known that light gauge-singlet scalar fields such as moduli and meson fields couple very weakly (only gravitationally) to the visible sector causing them to decay at late times which in turn could spoil the successful predictions of Big-Bang Nucleosynthesis (BBN). This is a generic problem in string/M theory compactifications and has to be addressed carefully. In G 2 compactifications, since all moduli are stabilized, the moduli mass matrix, as well as all couplings of the moduli to the visible sector can be explicitly computed in terms of the microscopic parameters. It turns out that there is a hierarchy of mass scales for the moduli with one modulus being much heavier than the others, the lighter ones being O(2m 3/2 ). To set the stage for the analysis, it is reasonable to assume that enough inflation occurs at the end of which reheating gives rise to a radiation dominated universe with the moduli displaced from their minimum values. Then, one has to look at the evolution of these moduli carefully, taking into account the hierarchy of scales involved. During the course of their evolution, the moduli will start coherent oscillations and then decay to visible particles ultimately leading to SM particles and LSPs. Since all the relevant moduli-matter couplings can be explicitly computed, this sequence of steps can be carried out reliably and the LSP relic density can be computed. It turns out that the wino LSP relic density for natural values of parameters is in the range 0.1-1. The cosmological evolution of moduli in G 2 -MSSM vacua is, in a sense, an explicit realization of the Randall-Moroi scenario [28] in which the moduli are quite heavy (10 − 100 TeV) and decay before BBN to wino-like LSPs. The detailed spectrum is however different and more detailed computations can be done for the G 2 -MSSM vacua. In this section, we take a brief look at the pattern of spectra obtained in the G 2 -MSSM and point out their main features. A detailed study of the collider phenomenology of the G 2 -MSSM will be reported in [29] . Table I shows the 'microscopic' input parameters and corresponding low-scale spectra for four benchmark G 2 -MSSM models while Figure 6 displays the physical masses for many G 2 -MSSM models. As discussed in section III, the G 2 -MSSM spectrum is characterized by heavy multi-TeV scalars and I : "Microscopic" parameters and low scale spectra for four benchmark G 2 -MSSM models. All masses are in GeV. The top mass is taken to be 174.3 GeV in our calculation. For all the above points, Q − P = 3 and P eff = 83 are taken as discussed in the text. The gravitino mass depends mainly on the combination
as in Eq. (15) . So the spectra are largely determined by two parameters δ and m 3/2 . All the above spectra are consistent with current observations. Scalar masses are lighter for benchmark 4, so flavor changing effects need to be explicitly checked later.
Higgsinos, sub-TeV gauginos, and an SM-like Higgs field 16 . Thus, the arrangement of the sub-TeV fields crucially determines the pattern of observable signatures at the LHC. G 2 -MSSM models with Q − P = 3, P eff = 83 and which are consistent with precision gauge coupling unification give rise to wino LSPs. For this case, the following hierarchy between the sub-TeV particles is observed: 16 The parameter tan(β) is of O(1).
TheÑ 1 is nearly degenerate with theC 1 (mC
Variations of high-scale input parameters V 7 and δ simply shift the overall mass scale of the fields, but do not modify this hierarchy. This feature significantly constrains the possible decay modes observable at the LHC. For example, the dominant production modes areC 1C1 andC 1Ñ1 followed bygg. The decay of the charginos to the LSP is characterized by soft pions. The charginos tend to decay inside the detector giving rise to short charged track stubs. A systematic study of these signatures in both ATLAS and CMS is required to properly estimate the discovery potential of these decays. The gluinos on the other hand decay dominantly via a three-body decay to ttÑ 2 since the lightest stop is mostly right handed. This mode can give rise to signatures with many b-jets from multi-top production. Other decay modes, although suppressed, are also available. A study of these issues is underway and will be reported in [29] .
The tree level production rate forC 1 +Ñ 2 would vanish for pure binoÑ 2 so the size of this cross section is a measure of the wino part of the LSP. Similarly, the rate for production ofC 1 +Ñ 1 is about two times larger for a wino LSP than for a higgsino LSP and can thus help fix the LSP type. The signal for us is the single soft charged pion, which will not trigger, but can be triggered in association with an initial state photon or jet, and the chargino will pass a few layers of the vertex detectors so in principle these rates might be accessible.
Since all the Higgs bosons except the light one (h) will be in the TeV range, and undetectable, it is interesting to have ways to distinguish the light Higgs (h) from the SM one (h SM ). One way to do that in principle is to exploit the chargino loops in the modes h → γγ and h → Zγ, which will make the branching ratio different from the SM one. Accurate measurements would be needed, and effects of CP violation would have to be untangled to obtain definitive results.
Finally, we mention that the fit to EW precision observables apparently improves with light charginos and neutralinos [30] .
VII. CONCLUSIONS AND FUTURE DIRECTIONS
In this paper, we have studied a framework arising from the low-energy limit of M theory which gives rise to vacua in which the moduli can be stabilized and a stable hierarchy between the electroweak and Planck scales can be generated. A well-motivated phenomenological model -the G 2 -MSSM, can be naturally defined within this framework and its properties can be studied in detail. The model arises by compactifying M theory on a seven dimensional singular manifold of G 2 holonomy. Strong gauge dynamics in the hidden sector simultaneously stabilizes all the moduli and breaks supersymmetry. With matter fields in at least one of the hidden sectors, there is a de Sitter minimum that is unique for a given choice of G 2 -manifold. We look for solutions which are within the supergravity regime, where the volume of the three-manifold supporting the hidden sector is large, the number of moduli is not constrained to be small, and the cosmological constant can be tuned to zero.
Then, remarkably, we find that all solutions have m 3/2 less than a few hundred TeV and the suppression of gaugino masses leads to TeV and sub TeV scale new physics. The requirement that the cosmological constant can be tuned to zero is non-trivial. This constraint strongly depends on the nature of the three-manifolds on which the hidden sectors are supported. At present this computation has been carried out only for a very special class of three-manifolds S 3 /Z k ; k ∈ Z, where it turns out that the above requirement can only be satisfied for large values of k, which may not be very natural. However, as discussed in Appendix A, various other possibilities for three-manifolds exist which might help in satisfying the requirement more naturally.
Further, we find that tree level gaugino masses are suppressed compared to m 3/2 by a large factor, approximately 83. This occurs mainly because the largest supersymmetry breaking F -term is that from hidden sector meson fields, which do not contribute to the gaugino masses. No such suppression occurs generically for scalar masses or trilinears, which are therefore of order m 3/2 . Since the Kahler potential is not sequestered, the scalar masses are expected to be of order m 3/2 , with the gaugino masses much smaller. There is no theoretical lower limit on m 3/2 , but the absence of charginos at LEP gives a lower limit on the gaugino masses M 1 and M 2 , and therefore a lower limit on m 3/2 , which is of order 10-50 TeV. So, scalars are predicted to be that heavy.
We focus on solutions within the G 2 -MSSM which are consistent with precision gauge coupling unification. Then the LSP is wino-like. The G 2 -MSSM framework is broadly similar to other models with heavy scalars and light gauginos with wino LSPs [31] , but there are differences in details. As is well known, the thermal relic density of wino LSPs is small compared to the observed one. However, many LSPs are generated from moduli decay, along with significant entropy. When the cosmological evolution of moduli is taken into account the resulting relic density is near the observed one. The moduli masses and lifetimes can be computed in detail in terms of the microscopic details, and we find a nice explicit realization of the Moroi-Randall [28] mechanism 17 . The predicted LHC signatures are characteristic and interesting. RG evolution down to the gluino mass < ∼ a TeV leads to the lightest squark being a mainly right handed stop, which itself decays mainly to the top and the second neutralino, which then decays to the W and the lightest chargino (wino). Thus, for pair produced gluinos, there are many events corresponding to a final state with four tops, large missing energy, and two charginos, dramatic signatures that are easily triggered on and distinguishable from background. We also initiated analysis of the CP violating phases of the theory, which are surprisingly simple.
There are many possibilities for future research. From a theoretical perspective, one of the most outstanding problems is to construct global examples of G 2 manifolds with the right structure of conical and orbifold singularities. This would require a major breakthrough from a mathematical point of view. However, a better understanding of the dualities from the heterotic and Type IIA string could also lead to important insights. Another important theoretical issue is to better understand the assumptions made about the Kähler potentials and study possible generalizations. Although we have checked that our main qualitative results about the suppression of gaugino masses do not depend on the detailed form of the Kähler potential K, further insights would be welcome.
From a phenomenological perspective, it would be extremely useful to study variants of the minimal proposal which could solve important phenomenological problems while still retaining the desirable features. A good feature of this framework is that important phenomenological questions such as inflation, generation of neutrino masses, explanation of Yukawa couplings and the origin of flavor 18 , the matter asymmetry, the strong CP problem, the little hierarchy problem, etc. can all be addressed within this framework.
As we have seen in section I A, a large P eff is crucial for the validity of our solutions and the supergravity approximation. It also leads to the the suppression of tree-level gaugino masses compared to the gravitino mass. Finally, in order to tune the cosmological constant, one requires P eff = 84 (83 if one includes higher order corrections) for Q − P = 3. In this paper, until now we have just used P eff as one of the parameters which could vary within a certain range. However, in an explicit microscopic construction of the hidden sector, it is computable from first principles. From the definition:
it is easy to see that for a large P eff such as 83, a large splitting in the coefficients C 1 and C 2 is required. At tree level, these coefficients are simply determined by the cutoff scale of the effective gauge theory and are given by (Λ cutoff /M P ) 3 . This would not give a large P eff . However, one has to take into account threshold corrections to the gauge couplings of the hidden sectors. To compute the threshold corrections, one has to specify the concrete setup of the hidden sectorQ, as well as the geometry of the three-manifold where the hidden sector lives. Generally the one-loop gauge couplings can be written as:
where b is the one-loop beta function coefficient, and S is the one-loop threshold correction. For instance, the contribution from KK modes has the form [7] :
where Vol(Q) is the volume of the hidden-sector three-manifoldQ and S ′ can be expressed in terms of certain topological invariants ofQ, known as the "Ray-Singer analytic torsion". Before we go to explicit examples, we would like to show the general requirement on the threshold corrections. Let us first denote the gauge kinetic function as f = f 0 + ∆f 1 and f 2 = f 0 + ∆f 2 , where ∆f 1,2 are the corresponding threshold correction. The superpotential from strong gauge dynamics can be written as:
We can easily identify the coefficient C 1,2 as follows:
Since α = 2/P is small, we have
For the case Q − P = 3 and P eff = 84, using Eq.(A1) and (A7) we have the estimate
In view of the fact that f 0 ≈ 14 3 Q = O(50), the requirement Eq.(A8) is not completely unreasonable.
As a particular example, we consider the three-manifoldQ to be the lens space S 3 /Z k as in this case the threshold corrections can be computed. In addition, for concreteness, we consider a situation where the first hidden sector gauge group is obtained from a larger group SU (P + M + 1) by Wilson line breaking SU (P + M + 1) → SU (P + 1) × SU (M ) × U (1), while the second hidden sector group is still SU (Q) without breaking. Again we assume one flavor of charged matter Q andQ. As long as M is sufficiently smaller than P (such as < P/2), we can neglect its contribution to the superpotential and also in moduli stabilization. The calculation of the threshold correction is similar to that in [7] . For the first hidden sector, it is given by S ′ 1 = 2(P + 1) T O + 2M T λ , while for the second one it is S ′ 2 = 2Q T O . T λ and T O are the relevant torsions:
where G = P + M + 1, and λ is an integer specifying the Wilson line. As discussed above, C 1,2 can be calculated straightforwardly, which are
Here, Vol(Q) is the dimensionful volume of the hidden-sector three-manifoldQ. It is important to remember that C 1 , C 2 should be thought of as depending on the vacuum expectation value of Vol(Q) 19 as shown in the above equation. Therefore, this dependence does not invalidate the holomorphicity of the superpotential. One can now compute the P eff from the above equations:
It is obvious that k has to be very large to get a large P eff . For example, P = 15, Q = 18, M = 10, V 7 = 50, λ = 80 and k = 99 gives P eff = 58 and C 2 = 1.5 × 10 −4 . Notice C 2 is much smaller than one. The gravitino for this case is about 0.8TeV. One can also consider other patterns of symmetry breaking, e.g. SO(2(P + 1)) → SU (P + 1) × U (1). In this case smaller values of k compared to the previous example can give rise to a large P eff , although in general a large k is still needed. Large values of k may seem unrealistic, but that is not clear since the allowed possibilities for compact G 2 manifolds fibred over Lens spaces with large k are not known. In addition, although at present it is not known how to compute the torsion for other three-manifolds, it is possible that a large P eff can be obtained more "naturally" in other examples.
More General Possibilities
Other three manifolds might give rise to a large P eff more naturally. Rather than study further explicit examples we give a toy model which illustrates this possibility. The model has parameters which extend the previous example and is given by
where G is an integer and γ 0,1 are determined by the topology of the manifold and are kept as free parameters. α is determined by group theory. In general, there could be other non-trivial torsions T λ 2 , T λ 3 , etc. depending on how the higher gauge group is broken by the Wilson lines. In order to illustrate the idea, we will restrict to T O and T λ 1 . Let's again consider the case where the first hidden sector group SU (P + 1) arises from the breaking SU (P + M + 1) → SU (P + 1) × SU (M ) × U (1). Now, it is possible to get both P eff ≈ 84 and C 2 ∼ O(1). For example, the set of parameters γ 0 = γ 1 = 6.3, P = 15, Q = 18, M = 10, V 7 = 50 and k = 11 gives P eff = 84.2 and C 2 = 5.4. The above example was shown just to illustrate the fact that with more general three-manifoldsQ, it may be possible to obtain a large P eff quite naturally. As another possibility, ifQ is such that the relevant torsions T O , T λ 1 , T λ 2 , etc. in (A13) have a linear dependence on k instead of logarithmic one, it is quite easy to obtain a large P eff naturally. In addition, if there are massive quarks 20 which are charged under the hidden sector gauge group, the strong coupling scale will be lowered and both the values of P eff and C 2 will be affected.
To summarize, the values of P eff and C 2 depend crucially on the microscopic details of the hidden sector and can take a wide range of values. Therefore, in our phenomenological analysis, we have simply assumed that P eff and C 2 can take values in the range of phenomenological interest.
APPENDIX B: CONSTRAINTS ON "MICROSCOPIC" PARAMETERS
The vacua in realistic G 2 compactifications are characterized by the "microscopic" parameters {N i , N sm i , a i , N , P , Q, C 1 , C 2 , δ; i = 1, 2, .., N }. Phenomenologically relevant quantities however, are sensitive to some parameters directly such as P , Q, C 2 and δ and some of them in combinations such as V 7 , VQ vis and P eff . As mentioned in section II, these combinations have to satisfy various constraints such as the "supergravity constraint", the "dS vacuum constraint", the "unified coupling constraint" and the "unification scale constraint". As promised, here we discuss the first three in detail. The unification scale constraint has already been discussed in section IV.
We would like to find sets of microscopic parameters which give rise to {V 7 , VQ vis , P eff } such that the above mentioned constraints can be satisfied. In order to take into account the effects of the parameters a i , N i , N sm i , i = 1, .., N , we consider the following two extreme cases:
(a) All a i are roughly equal, so a i ≈ 7 3N .
(b) A few a i are much larger than the rest, for simplicity we take a 1 ≈ 7 3 and a i =1 ≈ 0.
Since other choices of the above parameters lie in between the two extremes, presumably so would their implications. For later use, it is useful to note that at the meta-stable dS minimum, the moduli are stabilized at [1] :
where P eff ≡ P log
. Let us first consider the weak supergravity constraint for the phenomenologically interesting dS vacua, which reads:
For case (a), we can rewrite the seven dimensional volume as
whereN is defined to be the geometric mean of the N i 's. One should keep in mind thatN can be small even if some of the N i 's are large, if N is O(10) or greater. The supergravity constraint then turns out to be:
For the case (b), we have . Therefore the constraint turns out to be
A typical set of "reasonable" as well as phenomenologically interesting values is P eff ∼ O(10 − 100), Q ∼ O(10), Q − P ∼ O(1)(but > 3),N ∼ O(1) and N 1 ∼ O(1), which easily satisfies the supergravity constraint in case (b). The supergravity constraint for case (a) is also satisfied for many sets of values of the parameters in the above ranges, although not as easily for case (b). For a general case which lies between (a) and (b), we expect a situation in between the two and the constraint should be satisfied for parameters in the above range. The important point is that this constraint can always be satisfied by an asymmetric distribution of a i . Now let us consider the unified coupling constraint. The gauge kinetic function for the visible sector is the volume of the visible three-cycle
which obeys the following inequality: ∼ 0. Therefore, inequality (B7) can be easily satisfied. Again, case (b) is more easily satisfied than case (a). For a more general situation lying in between (a) and (b), one expects that the constraint can be satisfied for many sets of values of the microscopic parameters.
Finally, the dS vacuum constraint sets an upper limit on P eff :
There is also a rough lower limit on P eff . From the supergravity constraint for cases (a) and (b), one gets:
For Q − P = 3 21 , Q = O(10), N = O(50) andN = O(1), P eff > ∼ 50 for case (a) and P eff > ∼ 1 for case (b). So we can see the lower limit from the supergravity condition is really mild. However for our solution to be valid, we should always restrict to large P eff , which should be ∼ 50. For fixed Q − P and V 7 , the lightest gravitino mass is achieved when P eff reaches its maximum which happens when the cosmological constant is tuned to be zero. By increasing Q − P , the upper limit of P eff decreases, e.g., Q − P = 3, P eff < 84, Q − P = 4, P eff < 28, Q − P = 5, P eff < 20.
Therefore solutions with Q − P = 3 and P eff = 83 are required in order to have a generic number of moduli and a TeV scale gravitino mass, and to tune the cosmological constant.
APPENDIX C: THRESHOLD CORRECTIONS TO GAUGINO MASSES FROM HEAVY FIELDS
In the following, we show explicitly that the presence of a heavy fields will not change the gaugino masses at low energy. The relevant terms in the Lagrangian at M unif can be scheamtically written as :
Here, T and T c collectively stand for the heavy fields with masses µ T ≥ M unif . In particular, they could stand for heavy M -theory states as well as heavy states in the low energy GUT multiplet (the Higgs triplets in the SU (5) case with a doublet-triplet mechanism for example). As explained in section II C 3, the heavy KK modes of the GUT multiplet give rise to no corrections to gaugino masses. So, those modes are not included in T, T c . In the conformal supergravity formalism [32] , one introduces a conformal compensator field C and inserts it into the Lagrangian to make it conformally invariant and does calculations. At the end, one "gauge fixes" the conformal compensator field C = e K /6 and F C /C = m * 3/2 − 1 3 F m ∂ m K to obtain standard N = 1, D = 4 SUGRA 22 . Here K is the Kähler potential for the moduli and hidden sector meson field (K = −3 ln(4π 1/3 V X ) +φφ) in the 4d Einstein frame and K T is the Kähler metric for the matter field T . So, one writes:
After canonically normalizing the Kähler potential, one gets: 
where i runs only over the MSSM particles. Just above the unification scale, the beta function coefficients corresponded to that of the MSSM and the heavy fields T, T c . From (C6), we see that the threshold correction to the gaugino masses because of the heavy fields exactly cancels the heavy field contribution to M a (M + unif )! This implies that below the unification scale, we can forget about the heavy fields T, T c and just take effects of the MSSM particles into account.
